The isolated perfused rat heart model can be used to evaluate cardiotoxicity, and is especially useful in distinguishing direct vs indirect cardiac injury. Various perfusion systems can be used to characterize the pathophysiologic as well as morphologic changes induced by drugs or chemicals of interest. The isolated perfused heart was used in the studies described herein to characterize the mechanism of allylamine cardiotoxicity. Rat hearts were perfused with Krebs-Henseleit buffer containing 10 mM allylamine and a latex balloon was inserted into the left ventricle to monitor pressure. Coronary flow in hearts perfused with 10 mM allylamine was similar to control hearts at 5, 10, and 30 min, but was reduced by 1 hr (11.5 ± 0.6 mil min/g wet heart weight vs 16.0 ± 0.7, p < 0.01). Peak left ventricular systolic pressure increased in hearts perfused with allylamine for 5 min (156 ± 8 mm Hg vs 103 ± 9, p < 0.01), but by 2 hr was decreased compared to controls (89 ± 6 vs 105 ± 5, p < 0.05). End diastolic pressure was markedly increased at 2 hr (58 ± 3 vs 4 ± 0.8, p < 0.01). Morphologically, allylamine perfused hearts exhibited significant contraction band changes as well as numerous cells with marked swelling of the sarcoplasmic reticulum. The findings in this study suggest that allylamine produces direct myocardial damage that appears to be independent of coronary flow. These studies demonstrate that the isolated perfused rat heart model can be used to evaluate mechanisms of acute cardiotoxicity.
INTRODUCfION
Toxic injury to the heart occurs either as a consequence of direct cellular toxicity or the remote effects on neural, humoral, or hemodynamic factors that normally control the homeostasis of the cardiovascular system. It is often difficult to determine if a drug or chemical has a direct or indirect cardiotoxic action since the large functional reserve of .the heart may mask any functional impairment (18) . Most toxicologic studies utilize in vivo protocols which use histopathological findings as an end point for evaluating cardiotoxic effects. It is often difficult to determine if morphologic changes in the heart are the result of direct toxic injury or if other systemic factors may have played a role in lesion development. Thus, a model system, such as the isolated perfused heart, can allow the investigator to characterize the direct cardiotoxicity of a drug or chemical and help to determine the mechanism of cardiotoxicity.
The isolated perfused heart, as a model system for cardiotoxicity studies, has many distinct advantages over whole animal studies or cell culture systems. With this technique, the structural and functional integrity of the organ is maintained, allowing for evaluation of the interaction between the coronary vascular tree, the myocytes, and the collagen framework, separate from other influences (5, 25, 32) . In addition, rigorous control of experimental conditions, including the exact drug concentration, is possible with the isolated perfused heart (5) . Coronary perfusion pressure and perfusate composition can be controlled in order to evaluate the direct TOXICOLOGIC PATHOLOGY effects of the drug or chemical of interest, independent of other hemodynamic influences. The coronary effluent can also be collected and analyzed for biotransformation products. In addition, functional and structural analysis of the myocardium allows for assessment of direct cardiotoxic effects of the drug or chemical. This ability to accurately control the experimental system and the need for fewer animals to obtain the desired experimental data make the isolated perfused heart an attractive adjunct to in vivo studies of cardiotoxicity.
The isolated perfused heart preparation does have certain disadvantages as a model system for cardiotoxicity studies. Firstly, this is not an in vivo preparation. Morgan (33) has suggested that, as the complexity of the experimental system is reduced, the possibility of obtaining an answer at the molecular level is increased but the relevance of this answer to the function of the whole heart becomes less certain. Thus, it is not possible to extrapolate experimental results from the isolated heart to the whole animal with complete confidence. With this isolated preparation, there is no interaction with other organ systems in the animal. Metabolites and biotransformation products from other organs may have important toxic effects on the myocardium which would not be discovered using the isolated heart preparation. Finally, the major disadvantage of the isolated heart preparation is the relatively short duration of study, since the preparation deteriorates with time. Experimental protocols using the isolated heart must be completed within 3-6 hr, depending on the metabolic substrates used (33) . Thus, only acute toxic effectscan be evaluated with this system. Due to the short perfusion times, the levels of drugs or chemicals under study may have to be higher than expected in vivo concentrations in order to elicit a toxic effect. The higher concentrations of the compound used may have untoward effects that are not present at the normal concentrations seen in vivo.
Again, caution must be exercised when extrapolating results from isolated perfused hearts to the whole animal. As a model system for determining cardiotoxicity and providing a mechanism for screening large numbers ofdrugs or chemicals, the isolated perfused heart technique has advantages and disadvantages. However, the results from the isolated heart preparation, when interpreted in light of the experimental system used, can help to characterize the pathogenetic mechanisms of cardiotoxicity and can be useful in planning subsequent animal studies. The purposes of this report are to provide an overview ofthe isolated perfused heart model and to describe the results of our studies using the isolated perfused rat heart to characterize allylamine cardiotoxicity.
Isolated Perfused Heart Preparation
The isolated perfused heart model was first described by Oscar Langendorffin 1895 (27) . His technique utilized a heart which was perfused at a constant pressure via an aortic cannula. Cardiac function was assessed by placing a silk suture in the apex of the heart and attaching this suture to a pulley system connected to a stylus that wrote on a rotating soot covered ("smoked") drum. Numerous investigators have demonstrated the stability and versatility of this preparation (5, 8, 18, 19, 21, 25, (32) (33) (34) 37, 41) and, by and large, the original method of Langendorff has survived with only minor modifications and is the standard preparation used today.
There are 2 basic procedures used for isolated perfused heart preparations. The first is the aortic perfusion technique described by Langendorff (27) . With this system, the aorta is cannulated and retrograde flow closes the aortic valve, resulting in direct perfusion of the coronary arteries. The second method, often referred to as the "working heart preparation," was described and characterized by Neely et al (35) . This technique involves cannulation of both the aorta and the left atrium with perfusate flowinginto the atrium at a constant pressure. This results in left ventricular filling and allows the normal systolic-diastolic cycling of cardiac contraction with ejection of fluid through the aortic valve against an afterload pressure. The coronary arteries are perfused normally by the ejection of perfusate out the aorta against this pressure head. Since the perfusate is ejected, work is performed by the heart, thus the designation, "working heart preparation." Cardiac function can be quantitated by measuring the aortic output against a known pressure. The amount of work performed by this preparation can be changed by adjusting either the preload, afterload, or both. Because coronary perfusion is dependent on left ventricular function, the preparation will convert to a Langendorff perfusion system if systolic left ventricular pressure falls below the aortic pressure (41) . During toxicologic studies, depression of myocardial contractile function may occur and will lead to decreased coronary perfusion. In this instance, assessment ofthe cardiotoxic effect of the drug will be confounded by the effectsofunder perfusion of the myocardium and the subsequent ischemic injury to the heart. For this reason, as well as the technical consideration of the more demanding cannulation of the left atrium, the working heart preparation is not as well suited for toxicologic studies as the aortic perfused Langendorff model.
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FIG. I. -Diagram of the modified Langendorff isolated perfused heart apparatus. Water-jacketed condenser columns are connected to a spacer column with an outlet for the aortic cannula. The heart is surrounded by a waterjacketed warming chamber and a balloon is inserted into the left ventricle. A pacing wire is attached to the right atrium. The fluid column is kept constant at 135.5 cm above the aortic root. species for perfusion studies, and is the most logical species for toxicologic studies, Animals should be free from underlying disease problems since systemic diseases may have direct effects on the myocardium and lead to spurious results with the isolated heart preparation. Animals used for the isolated heart preparation are heparinized 15 to 20 min prior to the experiment (300 IU heparin, intraperitoneally) and are then anesthetized (sodium pentobarbital, 5 mg/lOO g, intraperitoneally). After deep anesthesia is reached, the chest is quickly opened and ice cold buffer is poured into the chest cavity to arrest the heart. The heart is quickly extirpated and placed in
Infusion Port
Pressure Transducer denser columns connected to a water-jacketed spacer column with an outlet for the aortic cannula where the heart is attached (Fig. 1 ).The perfusate is pumped into the top of the condenser columns and an overflow port is utilized so the perfusate remains at a constant level. This produces a constant coronary pressure head. At the bottom of the condenser columns air stones are connected to tanks of 95% O 2 and 5% CO 2 and the perfusate is bubbled constantly. The bubbles rise up the column and do not flow down to the heart. A spacer column is used so that the top of the fluid column is maintained at 135.5 em above the aortic root, thus providing a coronary perfusion pressure of 100 mm Hg (1) (2) (3) (4) 20) . Various investigators use different perfusion pressures in their experimental protocols; however, for the system described herein, 100 mm Hg has produced good results in our hands. An infusion port is located just above the heart. This is used to sample the perfusate for oxygen consumption determinations or for infusion of vasodilator drugs to determine coronary reserve (described below). The heart is suspended inside a water-jacketed chamber to maintain 37"C. This is especially important in protocols where coronary flow is decreased or stopped, since the temperature of the heart will decrease quickly when coronary flow is reduced. The heart chamber contains a drain from which the coronary effluent can be collected and quantitated.
Left ventricular functional assessments can be made with a left ventricular balloon. The balloon and catheter system ( Fig. 2) consists of a latex balloon affixed to a double bore catheter. The balloon is affixed to the end of the catheter (Fig. 2 , A) and is placed into the left ventricle through the mitral valve ( Fig. 1 ). The balloon catheter consists ofsmall (PE 20) tubing, connected to glass syringes that are used to adjust balloon volume ( Fig. 2 , B & C). A screw clamp is used for fine adjustment of balloon volume ( Fig. 2 , E). The larger bore thick-walled tubing is connected to a pressure transducer to measure the left ventricular pressure (Fig. 2, D) . This balloon catheter system is filled with de-bubbled water and care is taken to ensure that no air bubbles are al-.lowed to form in the catheter system that might dampen the pressure signal. A plastic coated stainless steel pacing wire is affixed to the right atrium and connected to a physiologic stimulator to pace the heart ( Fig. 1) .
Hearts from many animal species have been used in isolated heart preparations, but the most common species are rats, rabbits and guinea pigs. Rabbits and guinea pigs provide some advantages in that the heart and vessels are larger and easier to handle and there is more cardiac tissue available for analysis. However, the rat is the most commonly used , and a screw clamp (E) that compresses a section of larger tubing to make fine adjustments in the balloon volume. The larger bore, thickwalled tubing is connected to a pressure transducer for monitoring balloon pressure. control data, the hearts can be switched to buffer containing the drug or chemical of interest.
Perfusates
The standard perfusate used in studies with the isolated rat heart is an asanguinous bicarbonate buffer, the most common ofwhich are Krebs-Henseleit or Krebs-Ringer buffers (2, 6) . Krebs-Henseleit buffer contains (in msr): Na, 143; K, 5.9; Mg, 1.2; Ca, 2.5; Cl, 127.7; HC0 3 , 25; S04' 1.2; H 2P04, 1.2; and glucose, 11 (3) . Both Krebs buffers contain either glucose or dextrose as the sole metabolic substrate. Many investigators have added various substrates and other components to these basic buffers including lactate, pyruvate, ketone bodies, and insulin (34, 41) . Since these buffers do not contain plasma proteins, they have a low oncotic pressure; thus, edema forms in the myocardial tissues soon after the onset of perfusion. Myocardial tissue water content increases from a control level of 77% up to 81% water after several minutes of perfusion. This increase in water content occurs within the first few minutes of perfusion and does not increase substantially thereafter. The low oncotic pressure ofthe buffer also produces coronary flow rates that are much higher than normal physiologic levels. The normal in vivo coronary flow rate is approximately 1 ml per min per gram wet heart weight. In hearts perfused with Krebs buffer at 100 mm Hg, the coronary flow rate is 14 to 18 ml per min per gram wet heart weight (2) (3) (4) . Despite this increased flow rate, the coronary vasculature is not maximally vasodilated and the coronary circulation still has vascular tone. This can be demonstrated by infusion of a vasodilator and measurement of the percent increase in coronary flow. In studies from our laboratory, coronary flow was increased by 105-130% by infusion of adenosine (3, 4) . Thus, vascular tone is intact in this preparation. However, the degree of vasodilation is far less than the 500% increase in coronary flow that can be elicited in vivo. Aronson and Serlick (6) evaluated coronary flow and left ventricular function in rat hearts after several hours of perfusion at a constant pressure of 74 cm of water. Their studies at this relatively low coronary perfusion pressure demonstrated a 34% decrease in coronary flow and a 65% decrease in left ventricular function after 240 min of perfusion. This significant decrease in ventricular function may be caused by the low perfusion pressure in these studies.
The high coronary flow rates in the isolated heart preparation have led some investigators to suspect that myocardial oxygenation was not adequate and that coronary flow was increased due to tissue hypoxia. The asanguinous Krebs buffer, bubbled with oxygen, reaches P0 2 levels of over 600 mm Hg. c A a beaker of ice cold buffer. Extracardial tissues are removed, leaving adequate lengths ofaorta and pulmonary artery for cannulation. The heart can be gently blotted and placed in a preweighed beaker of cold buffer on a balance. Total heart weight is determined by this fluid displacement method, by recording the increase in weight of the beaker when the heart is fully immersed. The aorta is then quickly cannulated and perfusion of the coronary arteries is started with warm buffer. The heart will begin spontaneous contractions as soon as perfusion with warm oxygenated buffer is begun. Throughout the isolation and cannulation procedure, extreme care must be taken to avoid introducing air bubbles into the coronary circulation, since air bubbles will produce emboli that will occlude the coronary arteries. If pale areas are noted in the heart after institution ofcoronary perfusion, the experiment should be terminated and another heart used. The hearts are perfused for 15-20 min with normal Krebs buffer to allow recovery from the isolation procedure. After this stabilization period, control coronary flow rate is quantitated and a control pressure volume curve is generated by inflating the left ventricular balloon by specific increments and measuring left ventricular systolic and end diastolic pressure. If the end diastolic pressure increases steeply with increments in balloon volume, indicating significant myocardial stiffness, the preparation should be terminated. After the equilibration period and the collection of However, the availability ofoxygen to the myocytes in the absence of red blood cells has been questioned by some investigators. This issue was reviewed by Opie (37) , who showed that tissue oxygenation is indeed adequate in this model. Other investigators have also demonstrated adequate oxygenation and normal respiration in the buffer-perfused rat heart (25, 33, 34, 41) . To augment oxygen delivery to the cardiac tissue, perfluorocarbons can be added to the Krebs buffer (8) . Perfluorocarbons are chemically inert compounds with an oxygen solubility roughly 20 times that of water. Studies by Biro et al (8) have demonstrated that perfluorocarbon in Krebs buffer is able to support normal contractile activity in isolated hearts at a substantially reduced coronary flow, although flow rates were still higher than in vivo hearts.
In an effort to more accurately duplicate the normal substrate of the in vivo heart, fatty acids and albumin can be added to Krebs buffer (24, 28, 29) .
The most commonly used substrate is palmitate. With this buffer, cardiac metabolism shifts to the preferred substrate of non-esterified fatty acids and the respiratory quotient decreases, as would be expected. One disadvantage ofthese buffersis that they cannot be bubbled in the normal fashion, since the buffer will foam excessively. Thus, a membrane oxygenator system must be used to oxygenate these buffers. In a recent study by Machard and Chaumet-Riffaud (31), albumin was added to the perfusate to determine the effect of plasma protein binding on the kinetics of the drug that they were studying. These studies demonstrated that protein binding to the drug or chemical ofinterest should be considered when developing protocols for toxicologic studies.
Other investigators have added acetic acid to the Krebs buffer to help stabilize the drug or chemical being studied (5, 18) . Another modification of these fatty acid-containing buffers is the addition of washed red blood cells (21, 38) . In studies utilizing washed red blood cells from pigs and man at concentrations of 20-40%, Duvelleroy et al (21) showed that coronary flow rates decreased to more physiologic levels. Brandejs-Barry and Korecky (17) perfused rat hearts with 'human red blood cells suspended in Krebs buffer at a hematocrit of 27% and found that coronary flow decreased to 6.6 ± 1.1 ml/min/gram. Thus, the addition of red blood cells to the perfusate may be of some benefit; however, most investigators find that adequate tissue oxygenation can be obtained without the added inconvenience ofcollecting and washing red blood cells for each experiment.
For the most accurate reproduction of the in vivo situation, donor animals can be used to provide blood for the isolated heart preparation (23, 40 ).
This paracorporeal model has distinct advantages in that the blood coming from the isolated heart is oxygenated and cleansed by the donor animal before it is recirculated through the isolated heart. However, this model does have several disadvantages. The preparation is more difficult to set up and requires precise cannulation techniques to prepare the donor animal. In addition, the donor animal must be properly oxygenated and the hemodynamic status ofthe donor must be monitored and controlled. For toxicologic studies, the paracorporeal system has additional disadvantages in that it is not possible to accurately control the delivery of the drug or chemical to the isolated heart.
Perfusion Techniques
The 2 basic perfusion techniques utilize either a constant coronary flow maintained by a precise roller pump, or a constant coronary perfusion pressure with flow rates controlled by the coronary vasculature. With constant pressure perfusion, the aortic root pressure is set at a constant value which ranges from 60-120 mm Hg, depending on the investigator's choice (3, 4, 37, 41) . With this system, the coronary flow rate is regulated by the vasculature of the heart. The vascular tone can be assessed by determining the coronary vascular reserve after vasodilation, as described above.
The other common perfusion system utilizes a pump to produce a constant coronary flow. The pump can be set to deliver a standardized flow per gram of heart tissue and this flow rate can be maintained at a constant level throughout the perfusion protocol (30) . A sidearm port on the aortic cannula is connected to a pressure transducer and coronary root pressure is monitored. With this system, increases or decreases in coronary perfusion pressure will occur with vasoconstriction or vasodilation, respectively. Thus, vascular tone can also be characterized as with the constant pressure system.
In both perfusion systems, the perfusate can either be recirculated or can be discarded after one pass through the heart. Most perfusion protocols call for a non-recirculating system where the coronary effluent is discarded after one pass. This is especially important in toxicologic studies where biotransformation products may build up if the perfusate is recirculated.
Functional Assessment
In the original Langendorff preparation, a suture through the apex was used to assess cardiac function. Although the heart pulled on the suture when it contracted, the work load imposed on the heart was minimal. Thus, the aortic perfused heart is generally considered to be a nonworking preparation. Previ- 
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FIo. 3.-Representative tracings ofleft ventricular pressure and the first derivative ofleft ventricular pressure (dP/dt) from an isolated perfused rat heart. Balloon volume is adjusted such that hearts produce 60 mm Hg pressure. The balloon volume is incremented to produce a pressure volume curve. Maximum positive and negative dP/dt can be determined at each balloon volume.
ous investigators have used coronary flow and heart rate as indicators ofcardiac function with this model. However, left ventricular function can be assessed in the aortic perfused heart by inserting a latex balloon into the left ventricular cavity, as described above. The volume of the balloon can be adjusted to produce the desired level ofcardiac work. The balloon maintains a constant volume throughout the cardiac cycle, thus causing isovolumic contractions. Care must be taken not to fill the balloon to high volumes, since the balloon may impinge on the left ventricular wall during diastole and lead to poor subendocardial coronary perfusion. The volume of the balloon can be systematically increased to produce pressure volume curves (Fig. 3) . The left ventricular pressure can also be differentiated to obtain the rate of pressure change per second (dP/dt) (Fig. 3) . The developed left ventricular pressure and the positive and negative dP/dt at each volume increment can be used to assess cardiac function.
Electrocardiographic Recordings
Electrocardiographic recordings of the heart can also be used to assess cardiac function. Although this technique does not quantitate cardiac work, it does give an indication of the functional status of the heart. Bipolar surface electrodes can be used to obtain both atrial and ventricular surface electrocardiograms ( Fig. 4) . In studies of ischemic injury in the isolated rat heart from our laboratory, post ischemic ventricular fibrillation could be elicited and characterized (Fig. 5 ). In toxicologic studies, abnormalities in cardiac conduction can provide information about the cardiotoxicity and/or the arrhythmogenicity of a compound. Studies by Hale et al with the phenothiazine derivative, thioridazine, demonstrated no arrhythmogenicity at 15 J.l,M, but, at 30 J.l,M, there were increased ventricular sensitivity and numerous ventricular premature contractions (22) . Studies with five stereoisomers of the parent compound demonstrated that certain metabolites were more arrhythmogenic than the parent compound, thus helping to characterize the mechanism of arrhythmogenesis of this class of compounds.
Cardiac Metabolism
The rate of myocardial oxygen consumption can be determined by measuring the difference in oxygen concentration between the perfusate and the coronary sinus effluent. Coronary sinus effluent is collected by cannulating the pulmonary artery and collecting the fluid that is ejected by the right ventricle during systole. Since no perfusate enters the right atrium, only coronary sinus effluent collects in the right ventricle. Oxygen consumption is usually expressed as micromoles O 2 per minute per gram dry heart weight. Myocardial oxygen consumption can be determined while hearts are beating and thus performing work, or when hearts are arrested by high potassium buffer or tetrodotoxin (1, 3, 4, 42) . Myocardial oxygenconsumption of the arrested heart is a measure of the basal metabolic rate. In studies from our laboratory with hypertrophied hearts from aortic banded rats (1), myocardial oxygen consumption was measured while the isolated buffer perfused hearts were paced at 300 beats per min and the intraventricular balloon was inflated such that the heart was producing 60 mm Hg developed left ventricular pressure. The myocardial oxygen consumption of beating hearts was decreased in hypertrophied banded hearts (16.7 ± 0.79 J.l,mol Oigdryl min), compared to hearts from sham operated controls (22.6 ± 0.83, p < 0.05). After cardiac arrest with 30 mM potassium buffer, myocardial oxygen consumption of hypertrophied hearts was again less than control hearts (5.9 ± 0.65 vs 8.6 ± 0.98, p < 0.05). Thus, the hypertrophied hearts used in these studies had decreased rates of O 2 consumption per gram of tissue, both while beating and during potassium arrest (1) . This is consistent with our previous studies which noted decreased rates ofO 2 consumption per gram oftissue in hypertrophied hearts from hypertensive rats, suggesting decreased dependence on aerobic metabolism (3, 4) .
Cardiac metabolism can also be characterized using labeled substrates. Various investigators have compared the metabolism of fatty acids vs glucose, and have evaluated the effects of these substrates on cardiac performance (24, 28, 29, 34, 41) . Steady state oxidative rates of palmitate and glucose can be obtained by perfusing hearts with 1-14C-Iabeled gluscose or 1-14C-Iabeled palmitate and measuring the production of 14C0 2 (28, 29) . Using this and similar techniques, cardiac metabolism has been well characterized using the isolated heart preparation.
Assessment ofMyocardial Injury
The isolated heart preparation allows the investigator to assess ventricular function throughout the course of the experiment. Of major interest are the acute effects of various drugs or chemicals on myocardial function. In order to characterize the degree of injury induced by these compounds, the left ventricular pressure volume curve from the control perfusion period can be compared to the pressure volume curve after specific perfusion times with the drug or chemical of interest. To determine the percent change in left ventricular function, the end di- astolic and developed left ventricular pressures are recorded for each balloon volume increment at specific time periods. The left ventricular systolic pressure is divided by the initial (control) left ventricular pressure at each balloon volume increment and this fraction is expressed as a percent change in left ventricular function. Another method used to characterize myocardial injury is to compare the end diastolic pressure at each balloon volume increment before and after perfusion with the drug or chemical. To do this, the end diastolic pressure, after a specific time period of perfusion with the compound under study, is subtracted from the control end diastolic pressure at each balloon volume. This difference in end diastolic pressure is then plotted vs balloon volume, and the slope of this line is determined by linear regression analysis. The steepness ofthis slope is an indicator of myocardial stiffness and, thus, can be equated to the degree of myocardial injury (l, 20) . This myocardial stiffness constant can be used to characterize the degree of myocardial injury after perfusion with a cardiotoxic drug or chemical. In studies from our laboratory, the degree of myocardial injury after 24 min of ischemia and 30 min of reperfusion was compared in normal and hypertrophied rat hearts (I). The percent recovery of developed left ventricular pressure after ischemic con-tracture and reperfusion was lower in hypertrophied hearts (23.8 ± 5.6%) than in normal hearts (45.6 ± 4.6%, p < 0.05). In addition, after ischemia and reperfusion, the myocardial stiffness constant was greater in hypertrophied hearts (4.8 ± 1.31 mm Hg/ l balloon volume) compared to normal (1.3 ± 0.57, p < 0.0 I), suggesting increased myocardial damage in hypertrophied hearts.
In addition to functional assessment of cardiac injury, myocardial enzyme release can be quantitated to ascertain the degree ofcell injury. The most common enzymes used to assess myocardial injury are lactate dehydrogenase (LDR) and creatine phosphokinase (CPK). With the isolated heart preparation, coronary effluent can be collected and enzyme release directly correlated with injury to the myocardium. It is important to demonstrate that coronary perfusion is distributed evenly throughout the heart and that there are no areas of poor perfusion. The isolated heart can be perfused with monastral blue dye (Sigma, St. Louis, MO), and the areas of poor perfusion will be delineated by the poor staining. We use this technique to characterize the area of no-reflowin hearts after ischemic contracture and reperfusion (2) . An additional technique to characterize myocardial perfusion involves radioactive tracer microspheres that will delineate areas of perfusion and will allow direct calculation of regional coronary flow (4) . In other studies from our laboratory (I), the release ofLDR was quantitated from normal and hypertrophied hearts subjected to 15 min of hypoxic perfusion followed by 30 min of oxygenated reperfusion. Preliminary studies with monastral blue dye infusion showed that coronary flow was not compromised in this model. During hypoxic perfusion, LDR release was similar to control values; however, immediately after reoxygenation, LDR levels increased significantly in both normal and hypertrophied hearts. Total LDR release was less in hypertrophied hearts (13.2 ± 0.7 IU LDR/gram dry heart tissue) compared to normal hearts (19.5 ± 0.2, p < 0.01), indicating less myocyte injury in the hypertrophied hearts after hypoxic injury. This also correlated with the increased left ventricular functional recovery in hypertrophied hearts. Thus, assessment of cardiac function and quantitation of myocardial enzyme release can help to characterize the degree of myocardial injury produced during an experimental intervention such as toxicologic studies of the heart.
Morphologic Examination ofMyocardial Tissues
The assessment of acute cardiotoxicity can be made histologically after perfusion of the isolated heart preparation. Functional and enzyme release data can be correlated with the microscopic lesions in the heart. Hearts can be perfusion-fixed with formalin or other fixatives at the completion of the experimental period and tissues processed using routine histologic techniques. As mentioned above, isolated perfused hearts have an increased water content which is seen histologically as increased interstitial space. The myocytes and other cellular components of the heart are otherwise morphologically normal. Sections can also be taken for electron microscopy, and, due to the optimal fixation procedure, can provide very high quality material for electron microscopic evaluation (I, 2, 4).
Nuclear Magnetic Resonance Spectroscopy
Although functional measurements can be made throughout the course ofthe experimental protocol, accurate assessment of the levels of metabolites or biotransformation products in the myocardium can only be made by terminating the experiment for analysis of the myocardial tissue. This is usually done by freeze-clamping the heart with liquid nitrogen-cooled aluminum clamps and analyzing the myocardial tissue by biochemical techniques or high pressure liquid chromatography. This technique was recently used by us to characterize changes in myocardial glycogen, lactate, ATP and creatine phosphate in hearts subjected to ischemia (1) . Although this is an effective technique to characterize compounds in the myocardium, each data point requires killing the heart for biochemical evaluation. An alternative method for determining metabolites and biotransformation products in the heart is nuclear magnetic resonance (NMR) spectroscopy. This technique can provide insights into the metabolic causes of cardiac dysfunction, either during acute exposure to toxic agents or after chronic exposure (7, 9, 26, 36) . Isolated perfused hearts are placed inside a rapidly pulsed electromagnetic field. Within this magnetic field, various compounds produce specificradio frequency signals that can be collected and stored by the computer. This information can then be analyzed and the amount of each specific compound can be quantitated within the heart. This technique is commonly used to assess changes in high energy phosphate levels in the heart. A typical 31p spectrum from a heart is given in Fig. 6 . The peaks for creatine phosphate, the 3 phosphates of ATP, and inorganic phosphates are shown along with a reference peak. The areas of these peaks can be determined and a minute by minute characterization of the levels of these compounds can be made without freeze-clamping the hearts at each time interval. Thus, using NMR spectroscopy the time course ofmetabolic changes can be determined in each heart throughout the course of the experiment. In another example, the time course of high energy phosphate change was compared to the build up of lactate in ischemic hearts (Fig. 7) . With this technique, 31 P and proton NMR signals are collected for alternating l-min intervals. Analysis of these data show the time course of lactate build-up and creatine phosphate and ATP decline. This technique also has potential for the characterization of biotransformation product build-up in the myocardium during cardiotoxicity studies with the isolated perfused heart.
Allylamine Cardiotoxicity
The utility of the isolated perfused rat heart technique to determine mechanisms of cardiotoxicity can be exemplified by our studies ofacute allylamine toxicity. Allylamine (3-aminopropene) is an aliphatic amine that has been used industrially in the production of pharmaceuticals and polymers (13, 14) . The extent of occupational exposure to this chemical is difficult to determine, although reports suggest that occasional occupational exposure and environmental contamination does occur in this and other countries. Experimentally, allylamine is a relatively specific and potent cardiovascular toxin 'which causes vascular and myocardial lesions in several species (12) . Previous studies by Boor et al (10, 11, 14, 16) have demonstrated myocardial fibrosis and vascular lesions in rats given allylamine in their drinking water. These investigators have also shown that allylamine is converted to acrolein (allyl aldehyde) by the vascular enzyme semicarbazide-sensitive amine oxidase (13, 15) .Studies were carried out using the isolated perfused rat heart to characterize the direct toxic and physiologic effects of allylamine on the myocardium (39) . Hearts were perfused with a non-recirculating, modified Langendorff apparatus with a double reservoir. All solutions were made in Krebs-Henseleit buffer kept at 37°C and were oxygenated with 95% O 2 , 5% CO 2 , Buffer alone was perfused for a 10 min stabilization period, then either buffer alone (control) or buffer containing allylamine (10, 20, or 30 mM) was perfused retrograde into the aorta for 2 hr at a constant flow (8-15 ml/min) maintained with a peristaltic pump. These concentrations of toxin were chosen based on initial pilot experiments using a wider range. All experimental solutions were pH 7.6 to 7.9, and 370-390 mOsm. Coronary effluentswere collected in 1.5 ml aliquots at IS-min intervals for analysis of creatine CPK activity.
An additional 10 rats were prepared as above; hearts were cannulated, atrially paced at 300 beats per min, and perfused with Krebs-Henseleit buffer at a constant pressure of 100 mm Hg. A latex balloon was placed in the left ventricle to assess left ventricular function. After establishing baseline parameters of end diastolic pressure (EDP), peak left ventricular pressure (LVP) and coronary flow, 10 mm allylamine in buffer was perfused for 2 hr with a paired control which received Krebs buffer only. Functional parameters were measured again at 5, 10, 25, 60 and 120 min. Observations During Perfusion. Perfused hearts beat vigorously at rates greater than 180 beats per min throughout the dose-response experiments in controls (Krebs-Henseleit buffer only) and in hearts perfused with concentrations of 10 mM allylamine or less. At the higher concentrations of allylamine, hearts began to beat irregularly within 15-30 min ofperfusion with allylamine-containing buffers, and stopped completely following 30-90 min of perfu-, sion with allylamine. In the hemodynamic studies of hearts perfused with 10 msr allylamine at 100 mm Hg pressure, coronary flow increased slightly during the first 30 min of perfusion but declined from that point on (Fig. 8 ). There was a marked increase in left ventricular pressure at 5 and 10 min, but this gradually declined throughout the rest of the perfusion period ( Fig. 8 ). After 2 hr, left ventricular function decreased to 88% of control, while left ventricular function in hearts perfused with normal buffer did not decrease significantly. rapidly and markedly throughout the experiment in hearts perfused with allylamine, becoming significantly greater than control at 30 min ( Fig. 8 ).
BiochemicalAnalysis.
In the dose-response study following the initial 10 min stabilization period, control hearts showed no loss of CPK. Hearts perfused with 20 mM and 30 mM allylamine showed extensive loss of CPK from the heart (Fig. 9 ). Enzyme values at these higher allylamine concentrations showed large variations between hearts, resulting in largestandard errors. The release of enzyme peaked after approximately 60 min of perfusion, then declined.
Morphology. Control hearts were morphologically normal except for the presence of interstitial edema ( Figs. 10 and 11 ). Hearts treated with all concentrations of allylamine showed morphologic evidence of myocardial necrosis consisting of extensive contraction band formation and myofibrillar degeneration ( Figs. 12 and 13 ). Allylamine perfused hearts also contained numerous intracellular vacuoles ( Figs. 14 and 15 ), consistent with swollen sarcoplasmic reticulum. These vacuoles were not seen in control hearts.
Conclusions. The hemodynamic effects of allylamine perfusion are interesting in that they indicate a marked positive inotropic effectinitially, with subsequent deterioration of left ventricular function. The relatively constant coronary flow seen in hearts perfused with allylamine at a constant pressure of 100 mm Hg for the first 60 min argues against the possibility that coronary artery spasm and decreased coronary flowlead to ischemic injury in these hearts. The relatively constant coronary flow also suggests that vasospasm does not play a role in the allylamine-induced myocardial necrosis in vivo, but suggests instead a direct cardiotoxic effectofallylamine and/or allylamine metabolites.
Summary
In this report, we have tried to provide an overview ofthe technical aspects of the isolated perfused heart preparation, and how this model system can be used in toxicologic research. Many of the techniques outlined here are relatively easy to perform and require only basic laboratory equipment. The results from these experiments can provide important information about the cardiotoxic potential of drugs or chemicals and can help to provide direction for further studies. The isolated perfused heart model can provide important information about cardiotoxicity, but this model system is not designed to recapitulate the in vivo situation. Thus, it is not possible to extrapolate experimental results from the isolated heart to the whole animal with complete confidence. However, with proper experimental design the isolated heart preparation can be used to efficiently answer specific experimental questions related to cardiotoxicity.
